The International Wheat Genome Sequencing Consortium (IWGSC) was launched in 2005 with the aim of developing the tools and resources for sequencing the hexaploid wheat genome and providing breeders with state-of-the-art tools for improving wheat. The mid-term goals are to develop a physical map of the 21 chromosomes of bread wheat cv. Chinese Spring to accelerate map-based cloning and develop new markers, increase our knowledge about wheat genome organization, and assess sequencing technologies. In this framework, the feasibility of constructing the physical map using a chromosome-based approach has been evaluated through the development of the physical map of chromosome 3B. This article provides an update on the different projects developed within the IWGSC to reach these goals as well as a progress report on the construction of the 3B physical map.
IntroductIon
Genome sequences hold the key to understanding how an organism works. In the past decade, sequencing of model plant genomes, such as those of A. thaliana and rice, has revolutionized our understanding of plant biology but it has not yet efficiently translated into the improvement of major crop species such as maize, wheat, or barley. Moreover, because comparative genomic studies have revealed the limits of conservation between rice and the other cereal genomes, genomic resources and programs have been developed for maize, sorghum, wheat, and barley to serve as the foundation for future genome sequencing and the acceleration of genomicbased improvement of these critically important crops.
In November 2003, a USDA-NSF funded international workshop of wheat geneticists and sequencing specialists set the basis for an international collaboration on wheat genome sequencing . The necessity of sequencing the wheat genome, the current understanding of its structure and sequence, the opportunity to sequence a wild diploid ancestor or the cultivated hexaploid bread wheat genome, and the different strategies for sequencing the genome were discussed and the first objectives defined. These objectives were (i) the construction of an accurate, sequence-ready physical (BAC contig) map of the reference hexaploid 308 wheat genotype 'Chinese spring' for which large genetic stocks and aneuploid lines are available, (ii) the exploration of different strategies for gene enrichment, and (iii) assessing the feasibility of a chromosome-specific approach, i.e., to develop individual maps of each of the 21 chromosomes using chromosome-specific BAC libraries. A large consensus exists in the wheat community on the fact that sequencing the bread wheat genome will have a broad impact on education, new research technologies for large, repetitive, and polyploid genomes, and widespread application to the agricultural industry. Due to its recent history (Feldman, 2001 ), bread wheat is also one of the best models for understanding polyploidization, a common feature of plant genomes. Following these discussions, the International Wheat Genome Sequencing Consortium (IWGSC; www. wheatgenome.org) was launched in 2005 with the aim of "advancing agricultural research for wheat production and utilization by developing DNA-based tools and resources that result from the complete sequence of the common (hexaploid) wheat genome while ensuring that these tools and the sequence are available for all to use without restriction and without cost". The overall strategy of the consortium is to capture immediately significant outputs for wheat breeders and the wheat industry at large in parallel to continued advancements in basic research on the wheat genome.
In this strategy of providing the greatest resources to enhance wheat production while also advancing our basic understanding of the hexaploid wheat genome, the establishment of a physical map of the 21 wheat chromosomes is a priority to facilitate the map-based isolation of the hundreds of genes and quantitative trait loci (QTL) for traits of agronomic importance that have been identified over the past decades on the wheat genetic maps. This will accelerate immediately wheat improvement through the delivery of "perfect" markers for wheat breeding and the identification of new and favorable alleles from the huge reservoir of genetic resources that are present in seed banks all over the world. It will allow for a better understanding of the molecular basis of essential traits such as yield, quality, consistency, and stress (biotic and abiotic) resistance for tomorrow's agriculture, and permit the development of cisgenic wheat, i.e., wheat plants carrying wheat transgenes (Jacobsen and Schouten, 2007) . Moreover, in the mid-term, the construction of the physical map is an important prerequisite for sequencing the wheat genome regardless of the ultimate sequencing strategy selected. Sequencing a 17-Gb polyploid genome remains expensive, even with the new emerging sequencing technologies (GSFLX, Illumina Solexa, SOLID, etc….) that offer a dramatic improvement of the cost efficiency in producing sequences. Moreover, the short read length offered currently by these techniques and the large amount of repetitive sequences present in the wheat genome make de novo assembly of nongenic low copy regions extremely difficult if not impossible (Wicker et al., 2006) . Recent results of whole genome functional analyses such as the characterization of 1% of the human genome in the ENCODE project (Birney et al., 2007) clearly indicate that intergenic regions and regions formerly considered as "junk DNA" are likely as important as protein coding regions in the regulation of genome expression. Therefore, it is essential to define a strategy that will provide a high-quality wheat genome sequence which contains all information necessary to understand the molecular basis of wheat plant biology and allows its optimal exploitation for crop improvement. While waiting for the implementation of new technologies with increased read length and cost-effectiveness over the next few years, a targeted, systematic sequencing of the agronomically important regions in the genome could be initiated on a large scale as the physical maps become available and the regions carrying the traits of interest are mapped genetically at high resolution.
The roadmap of the IWGSC for the next four years was established and agreed to by the IWGSC coordinating committee and the broader wheat community at the ITMI meeting at Victor Harbour, Australia, in August 2006. The roadmap calls for the completion of the physical map of the D genome of the wild diploid Ae. tauschii so that it can be used to complete the construction of the physical maps for the 7 chromosomes of the D genome of hexaploid wheat. The IWGSC also aims to complete the maps of the remaining homoeologous A and B chromosome groups. The D genome project was initiated in 2001 (http://wheat.pw.usda.gov/PhysicalMapping/) and has established efficient protocols and software to perform BAC fingerprinting and contig assembly (Luo et al., 2003) that are used now for the hexaploid wheat genome project. For the hexaploid wheat genome, currently a whole-genome approach to develop a physical map is not seen to be practical, timely, or cost-effective as this would require fingerprinting and specific assembly of homoeologous BAC contigs comprising over 2 million BAC clones. Specifically, anchoring the homoeologous BAC contigs from such a large and complex set of contigs to their chromosomal location would be difficult if not impossible for all contigs and could result in significant cost increases. Therefore, after various discussions with experts from the large sequencing centers, the international community determined that the construction of physical maps in hexaploid wheat should be performed following a chromosome-specific strategy. This approach relies on the recent improvement of chromosome sorting and BAC library construction technologies (Vrana et al., 2000; Kubalakova et al., 2002; Chalhoub et al., 2004) that permit the construction of chromosome-specific BAC libraries (Safar et al., 2004 ) that are used already or will be used in different IWGSC projects.
This article provides an overview of the IWGSC activities and projects as well as a progress report from the pilot project that aims at the construction of an anchored physical map of chromosome 3B from hexaploid wheat following the chromosome-based approach.
ActIvItIes And Projects of the consortIum
As an international industry, academic, and governmental agency collaboration, the IWGSC is committed to providing wheat breeders and industry state-of-the-art tools and technologies that enable profitability throughout the wheat industry. The consortium is governed by a coordinating committee, comprised of scientific and financial contributors who support sequencing the bread wheat genome, and an executive director. General membership in the consortium is open to anyone, and all meetings are open to the public. Business meetings and workshops are held in conjunction with most major international plant genomics meetings.
To ensure the rapid delivery of tools to breeders, the IWGSC identifies short-term and long-term strategic goals, advocates for sequencing the wheat genome, coordinates international scientific efforts to build resources for wheat, and secures funding for collaborative efforts aimed at meeting identified goals. By implementing a milestone-based strategy, the consortium delivers products and tools while working towards the ultimate goal of a sequenced bread wheat genome. Projects coordinated and endorsed by the IWGSC fall within two broad categories: physical mapping (construction of physical maps for the D-genome and for hexaploid wheat) and sequencing (the development of the resources necessary for sequencing and the testing of technologies to determine the best method for sequencing). The following provides additional information on IWGSC coordinated and endorsed projects:
Physical mapping
Completed projects • 3B-Led by C. Feuillet (INRA, France), this has served as the pilot project for developing a physical map of a flow-sorted chromosome and is discussed at length below. At this time, the project has yielded a 9.6X chromosome landing ready physical map of chromosome 3B of 'Chinese spring'. Habash (Rothamstead Research, UK) the development of the physical map of chromosome 4B will be included in the proposed 4Phoenicia project that will build scientific capabilities for the Mediterranean region to underpin wheat genomics for sustainable agriculture.
• 5B-Led by E. Salina (Institute of Cytology & Genetics, Russia), this project will develop, in collaboration with European and US partners, the physical map of chromosome 5B of 'Chinese spring' and will be submitted to funding agencies in 2008 or 2009. • 5D-Led by H. Budak (Sabanci University, Turkey), this project, to establish a physical map of chromosome 5D of 'Chinese spring', is under development and will be submitted to funding agencies in 2008.
• 7D (A,B)-Led by R. Appels (Murdoch University, Australia), this project to establish a physical map of chromosome 7D of 'Chinese spring' is under development.. Projects to develop the physical maps of chromosomes 7A and 7B will be prepared subsequently in Australia.
Chromosomes for which leaders have yet to be identified
Scientific leadership and funding is being sought for 2 remaining chromosomes: 6A and 6B. A summary of the current status of the physical mapping projects is provided in Fig. 1 The availability of a BAC library specific for chromosome 3B (Safar et al., 2004) provided an opportunity to test the feasibility of constructing a physical map of the hexaploid wheat genome with a chromosome-based approach . To establish the physical map of chromosome 3B, high information content fingerprints (HICF) were generated from the 67,968 BAC clones of the 3B BAC library using a modified SNaPshot protocol (Luo et al., 2003) and were assembled into contigs using the FPC (FingerprintPrinted Contigs) software (Soderlund et al., 2000) . Using a single ABI 3730 XL capillary sequencer, it was possible to fingerprint all BAC clones of the 3B BAC library within 10 weeks. To date, the physical map consists of about 1000 contigs that cover nearly 80% of the chromosome (Paux et al., unpublished data) . The most laborious task in the construction of a physical map is the anchoring of the physical contigs to the genetic map. In most of the plant genome physical mapping projects published so far, anchoring has been performed through hybridization with RFLP (Restriction Fragment Length Polymorphism) and overgo probes that correspond to gene sequences and/or by PCR using microsatellites, CAPS (Cleaved Amplified Polymorphic Sequence) or STS (Sequence Tagged Site) markers. In order to anchor the 3B physical contigs to the genetic map, PCR screening was performed with more than 2,000 molecular markers following two approaches. The first strategy used markers (SSR, EST) that are located on chromosome 3B genetic or cytogenetic maps (Munkvold et al., 2004; Sourdille et al., 2004) to screen the BAC library and anchor the corresponding FPC contigs. Under the second approach, markers were derived from the BAC contigs themselves and mapped onto the genetic and/or cytogenetic maps. To do that, we generated 19,400 BAC-end sequences (BES) representing a cumulative length of nearly 11 Mb (1.1% of the chromosome length) distributed among the contigs of chromosome 3B (Paux et al., 2006) . The systematic identification of junctions between transposable elements (TEs) allowed the development of RBIP (Retrotransposon-Based Insertion Polymorphism)-type markers (Flavell et al., 1998 ) that consist of PCR amplicons spanning the TE junctions. The main advantage of this type of markers is that they are (i) very abundant, as more than 80% of the wheat genome consists of transposable elements that are mostly nested into each other; (ii) mostly unique in the genome since there is a low chance that the same insertion event occurred at another locus; and (iii) genome specific, as they originate from a specific chromosome sequence (Paux et al., 2006) More than 700 ISBP (Insertion Site Based Polymorphism) markers have been developed across chromosome 3B and have been used for anchoring the contigs on the genetic and cytogenetic maps (Paux et al, unpublished data) . Finally, a minimal tiling path (MTP) has been established for chromosome 3B that can be used now for structural and functional studies on chromosome 3B.
PCR-based methods are very cost effective for anchoring of physical maps to genetic maps. However, with large genomes such as wheat, the number of PCR required to identify the BAC clones bearing a single target marker sequence can become very high. To reduce significantly the number of reactions, several pooling strategies have been proposed, all of which rely on concentrating the BAC library into pools that represent overlapping groups of clones. The most powerful is six-dimensional pooling (Klein et al., 2000) , which reduces the number of PCR needed to get the complete unambiguous address of a BAC clone in a single round, by a factor of 384 compared to non-pooling strategies (Yim et al., 2007) . Six-dimensional pools, though, are expensive to produce and require specific automated platforms that are not available in every laboratory. Be-cause of these limitations, lower dimensional pools such as three-dimensional (3D) pools that consist of pools of 384-well plates, rows, and columns are used often. One of the drawbacks of 3D-pools is an increased number of ambiguous BAC addresses after screening. Additional PCR reactions must then be performed to eliminate the ambiguity and this, therefore, reduces the efficiency of this pooling strategy. To increase the efficiency of anchoring and reduce the cost of anchoring during the construction of the 3B chromosome physical map, a new software called "elephant" (electronic physical map anchoring tool) has been developed (Paux et al., 2007) . This freely available Perl script combines BAC contig information generated by FPC with results from BAC library pools screened to identify BAC addresses with a minimal amount of PCR reactions. Using elephant during the construction of the 3B physical map, we have shown that a one-dimensional pool screening can be sufficient to anchor a BAC contig, while reducing the number of PCR by 384 fold.
Thus, these preliminary data on the construction of the first chromosome-based physical map of a hexaploid wheat chromosome show that: -The chromosome-based strategy is feasible and that even with a single enzyme (HindIII) BAC library covering 8´ of the chromosome, it is possible to generate contigs ranging from 300 kb to 4 Mb that are suitable for map-based cloning and cover about 80% of the chromosome; -Systematic BAC-end sequencing of the MTP is a powerful approach to develop genome-specific markers from each of the wheat chromosomes and chromosome arms for contig anchoring and for breeding; -The 10% of contaminating clones that are inherent to the construction of BAC libraries from sorted chromosomes do not interfere with the establishment of the physical contigs; and -A single lab equipped with a capillary sequencer and basic robotic equipment can establish a physical map of a wheat chromosome.
conclusIon
The successful pilot project to develop a physical map on chromosome 3B of 'Chinese spring' by a single laboratory has opened up the route for the international collaborative effort on the 20 remaining chromosomes of hexaploid wheat. As indicated above, the effort is underway to construct the physical maps for the remaining chromosomes of hexaploid wheat. Project leaders have been identified for most of the chromosomes and several projects have been funded. The IWGSC will continue to seek sponsorship and funding for the development of physical maps of all of the chromosomes of hexaploid wheat to ensure that the entire wheat industry can begin to rapidly exploit genomic information while efforts are underway to obtain a complete sequence of bread wheat. Concurrently with the development of the physical maps, the IWGSC is exploring the feasibility of using the new sequencing technologies for the construction of physical maps and for sequencing the bread wheat genome.
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